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A numerical simulation code is developed to study the 
significance of refraction effects (beam self-focussing or 
defocussing) of a laser during a laser welding process.  
Relationships between the size of the heat affected zone 
(HAZ), the melt zone and the laser beam parameters are 
investigated for a short pulsed laser welding process.  The 
solution method includes the thermally stimulated nonlinear 
optical effects caused by the temperature dependent index of 
refraction, as well as the step change in surface reflection that 
occurs due to the liquid and solid phase change. The interaction 
of these parameters is investigated to better control the laser 
manufacturing processes.  Difficulties of numerical modeling 
and the tradeoff between using small nodes to reduce the 
sawtooth behavior in the phase change model and computer run 
times that are consistent with real time control are discussed.  
The results indicate that there are no significant refraction 
affects of the laser beam and that the heat affected zone is 
approximately 6% larger for a collimated beam input as 
compared to a gaussian beam input.  Peak temperatures are 
lower for the collimated beam. 
 
INTRODUCTION 
Laser material processing has seen much advancement 
over the last few years and continues to be the focus of many 
engineers.  Lasers are helping to improve productivity and 
reduce the manufacturing cost associated with MEMS 
manufacturing through the use of pulsed laser ablation 
(Kancharia et al, 2001). In laser assisted machining, a laser 
locally heats a substrate prior to traditional machining (Trinkle 
etal., 2002).  Femtosecond lasers are used with negligible 
thermal damage and diffusion effects in micromachining and 
nondestructive evaluation because of their ultra fast pulses and 
higher intensities (Tzou and Chen, 2001, Sun et al, 2001).  
Other novel applications include laser annealing applications 1  
s://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use(Moon et al., 2001), laser forming or micro-bending of metals, 
ceramics and plastics (Reeves et al., 2003, Zhang and Xu, 
2001), laser peening of aircraft fan blades (Tenaglia et al. 
2001) and laser drilling (Lou and Lineton, 2001).   
 
Laser welding and bonding techniques are used 
extensively in the electronic packaging industry. Sealed CO2 
lasers have advantages for welding since the extent of the heat 
affected zone (HAZ) is minimal.  This behavior is critical when 
sensitive components are placed near machined areas (Venkat, 
1998).  (Venkat, 1998).  Addition applications for laser 
bonding techniques include Tape Automated Bonding where 
solder flow is precisely controlled because of the fine focus of 
the laser and fiber-chip coupling of butt-ended fibers using 
laser welding (Fisher et al., 2002).  The quality of all of these 
processes depends on controlling the laser intensity, focus, spot 
size, laser penetration depth and laser location.  In addition to 
controlling these parameters, there is also the temperature 
induced changes in the index of refraction of the material 
which may cause a self-focussing or defocussing phenomenon 
as the laser beam propagates through the material.   Ye and 
Grigoropoulos, 2000 have referred to this phenomena as the 
“potential problems caused by laser-induced air breakdown and 
nonlinear self-focussing of femtosecond laser pulses”.  Ye and 
Grigoropoulos indicate that performing the process in a 
vacuum can minimize these self-focussing effects.  However, 
formation of plasmas in some processes, such as a drilling 
process, can alter the way the laser energy is absorbed leading 
to self-focussing or defocussing of the beam and a loss of 
control (Kennedy, 1995).   
 
The above cited literature have demonstrated the need for 
controlling laser heating during manufacturing processes such 
as laser welding, laser bending and peening processes. They all 
emphasize the importance of understanding the optical and                                                             Copyright © 2004 by ASME 
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Dowthermal interactions between the laser beam and the material 
and any byproducts of the manufacturing process (Whalen and 
Kowalski, 2001).  Reeves et al, 2003, has illustrated the 
importance of the interface between the laser manufacturing 
process and its numerical simulation in order to increase 
productivity.   
 
 Numerical modeling of the laser beam propagation is one 
means of understanding the laser beam interactions with the 
material, the surrounding gases or plasma.  This information 
will be used to better control the laser manufacturing processes.  
In this study, the relationships between the size of the HAZ, the 
melt zone and the laser beam parameters will be developed for 
a short pulsed laser welding process.   
 
The welding process involves the joining of two thin metal 
sheets which are shown in Figure 1a.  The effect of the 
following parameters on the HAZ and melt zone are 
investigated: the beam’s focal plane position, the thermal 
defocussing of the beam, the beam refraction in the gas above 
the weld area, the beam profile, intensity and temporal pulse 
width, and the angle of incidence.  The numerical solution 
method (Whalen and Kowalski, 2001) includes the temperature 
dependent index of refraction and absorption coefficient, as 
well as the step change in surface reflection that occurs due to 
the solid and liquid phase change.  The simulation code has 
been applied to different material systems and has been 
benched marked with thermally stimulated nonlinear optical 
behavior experimental studies. The thermal transport of the 
absorbed radiation is modeled using Fourier heat conduction.  
The thermal transport model is coupled with the beam 
propagation model through the temperature dependent 
properties. The codes capability to accurately model the 
thermally induced self-focussing or defocussing of the laser 
beam and the beam refraction is documented in the benchmark 
studies of the Z-scan measurement technique (Whalen and 
Kowalski, 1999, Kowalski et al, 1995). The numerical results 
in this paper are used to determine if the welding process leads 
to significant refraction or thermal defocussing effects. 
NOMENCLATURE 
 
cp specific heat, J/kgK 
es enthalpy, J/kg 
Eo electric field intensity at the focal plane 
H magnetic field intensity 
I intensity, W/m2 
Im-1 intensity incident on the node volume  
Io(t) peak intensity, W/m2 
k 2π/λ, wave vector 
kt thermal conductivity, W/mK 
L sample length, m 
n index of refraction 
no(T,t) linear index of refraction  
q heat flux vector at a location, W/m2 2 
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r radial position 
Rm reflectance at mth node 
T temperature, K 
t time, s 
tp 1/e pulse width, s 
Vf liquid volume fraction 
wo beam waist radius, m 
Greek Symbols 
 
α thermal diffusivity, m2/s 
αm absorption coefficient for the mth node 
αo linear absorption coefficient 
β volumetric coefficient of expansion, 1/K 
ε permittivity of vacuum 
ε  complex dielectric coefficient  
κ  isothermal compressibility factor 
λ laser wavelength, m 
νo specific volume, m3/kg 
µ  magnetic permeability  




j Gaussian beam decomposition index 
m node volume 




Figure 1. a) Schematic sketch of laser welding 























The numerical simulation code for the laser beam 
propagation is described in Whalen, 1999, Kowalski, 1996 and 
Kowalski et al, 1995 for the Fourier and Hyperbolic transport 
models. In this study only the Fourier transport model is 
utilized.  The code allows the user to select the appropriate 
thermal transport model as well as convective boundary 
conditions and it is divided into preprocessor and simulation 
functions.  The preprocessor function uses the problem inputs 
to calculate the nodal system parameters used in the solution.  
For example, an input file is created to represent the model 
region geometry that includes the melt region and the HAZ as 
well the beam parameters as shown in Figure 1b. Also defined 
in this input file are the multi-materials used in this 
investigation, copper and air.  The simulation function is a 
transient, three-dimensional Cartesian coordinate system, finite 
difference algorithm that determines the thermal response 
interaction with the optical problem. Thermally induced 
refraction processes that produce self-focussing and 
defocussing of the laser beam are included in this code.  The 
code includes the internal reflections of the beam, which are 
caused by the spatial gradient of the index of refraction.  The 
index of refraction gradient is related to the temperature 
variation using the Lorentz-Lorenz law and the thermodynamic 
equation of state.  The reflection from and the transmitted 
intensity through the sample area and the temperature profile 
within the sample area are calculated by the code.  
 
The thermal response of the modeled region is described 
by the differential energy balance.   
 
 abss q - 
t
e = q 
∂
∂
⋅∇  (1) 
 
The Fourier model heat transfer mechanism is 
 
 Tkq p∇−=  (2) 
 
and qabs is determined form the electromagnetic wave model as 
described below. 
 
For a single phase control volume region the temperature is the 
















For a two-phase control volume region the enthalpy form of the 
energy balance is used (Alexiades & Solomon, 1993, Habib & 
Thynell, 1993 and Kroeger & Bayazitoglu, 1992).   The  3 
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Eqs (1)-(4) are discretized for the node volume to form the 
finite-difference numerical model. 
 
The absorbed radiation per volume, qabs, is determined 
from the electromagnetic wave model.  In this algorithm the 
incident wavefront is divided into a set of rays that are 
perpendicular to the beam wavefront.  This treatment of the 
electromagnetic wave is valid for thin material layers.  A 
similar approach is used in the previous literature, (Sheik-
Bahae, 1990 and Chen and Tien, 1993).  The node system is 
defined so that each ray is incident onto one node.  Each ray is 
followed as it travels through the sample area to calculate the 
thermal heating it causes as well the optical phase change and 
reflection it undergoes.  The electromagnetic wave associated 
with each ray is described using the slowly-varying envelope 
approximation that allows the temporal and spatial dependence 
of the wave to be separated.  Each ray is traced through the 
system and its contribution to the energy absorbed in each node 
and the energy reflected from each nodal volume interface is 
evaluated.  The electromagnetic wave is taken to propagate in 
the z direction.  In this model the spatial dependence of the 
total electric field E and total magnetic field H must satisfy the 
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The magnetic permeability µ is assumed to be constant.  The 
temperature variation of the complex dielectric coefficientε is 
determined by relating it to the index of refraction. 
 
Equations 5 are reformulated to obtain the radiative 
transport equation, RTE, which describes the absorption of the 
intensity within the node volume.  The RTE is used to calculate 
the energy absorbed within the node volume, qabs. 
 
))z exp(- - )(1)/tt-exp(-((t)IR - (1 = q mm
2
p)pf1-mmmabs ∆αα   (6) 
 
The nodal reflectance is determined from the electromagnetic 
wave model described by Eqs. 5.                                                             Copyright © 2004 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Down 
In the present formulation the complex index of refraction 
is a function of the temperature in the medium.  The 
temperature and pressure dependence of the index of refraction 
is calculated using the Lorentz-Lorenz law and the 
thermodynamic equation of state. 
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= , and vo, To and no are the reference values of 
these properties, β is the volumetric coefficient of expansion 
and κ is the isothermal compressibility factor.    
 
The preceding equations are numerically solved by 
applying a spatial and temporal finite difference method.  In the 
Fourier heat transfer model, the temporal finite difference 
technique uses a modified Euler integration technique.  The 
modified Euler integration technique is a predictor-corrector 
method which enables the code to include the nonlinear aspects 
of the problem.  In the modified Euler technique the future 
values of the nodal temperatures and the intensity distribution 
are calculated in the standard finite difference manner.  A 
corrector value of the time derivatives is then calculated using 
the predicted values of the variables at the future time.  New 
nodal values of the absorption coefficient and the index of 
refraction are calculated before the corrector step is performed.  
A new future value of the nodal temperature and intensity 
distribution is then calculated based on the average of the 
predictor and corrector time derivatives.  The corrected values 
of the nodal temperatures and intensity distribution are 
compared with their previously predicted values.  If the 
compared values of the nodal temperatures are within the 
convergence limit then the code will proceed to the next time 
step.  If the compared values are not within the convergence 
limit the corrector step is repeated until the convergence limit 
test is satisfied.  The convergence limit used in the present 




The numerical simultion code is benchmarked against the One-
Phase Stefan Problem for melting a semi-infinite slab of ice 
(Alexiades, 1993, Habib,1993).  The problem starts with a slab 
of ice 0.145 m thick at a temperature of 0˚C.  In this problem a 
surface is exposed to ambient  conditions with a heat transfer 
coefficient large enough to asumme a constant surface 
temperature.  Figure 2 shows the numerical and analytical 
temperature predictions for slab depths of 0.01 m and 0.05m.   
The numerical model shows good agreement for both the 30 
and 60 node cases.  Runtime on a gigahertz machine was under  4 
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improvement in the “staircase” or “sawtooth” shape of the 
temperature solution which is a typical charicteristic of a 
enthaply solution method.  The decrease in step size over the 
30 node case is due to the fact that while the interface lies 
anywhere inside a particular node, the temperature of that 
interval is held constant at the melt temperaure, thus the rest of 
the slab relaxes to a steady state.  When the interface moves on 
to the next interval the temperature is forced to jump then relax 
to a new steady state.   Therfore the finer the mesh the less time 
the interface spends at a particular node and the finer the 
sawtooth.  These numerical artifacts do not effect the general 
accuracy of the model as can be seen in Figure 2. 
 
Figure 3 compares the number of nodes used in the 
simulation of laser welding two copper slabs.  In this 
simulation 













Figure 2.   Comparison of numerical model to the 
analytical Stefan problem for the convectively heated 
phase change problem. 
 












Figure 3.  Comparison of the number of nodes used 
for simulating the laser welding of Cu.  Temperature 
verses time for beam center location using a 
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Downtwo slabs of thickness  0.02 m are irradiated by a Gaussian 
spatial and temporal beam.  The pulse width is 18ms, the beam 
waist is 250 µm and peak intensity is 8 x 109 W/m2.  The 
system is descritized in the z direction with 21 nodes in the air 
layer and 9 nodes in the copper.  The inclusion of the air layer 
allows for the investigation of refraction effects in the laser 
beam.  Due to the short duration of the laser pulse the model 
operates in the conduction limit since there is not enough time 
for the onset of convection at the air copper interface. The 
initial development of the temperature profile and heat flow in 
the air layer is included in the numerical model.  Temperature 
as a function of time is shown for the incident surface under the 
beam center.  The figure again demonstrates the sawtooth 
behavoir that is characteristic of enthalpy solutions.  The 
smaller jumps during the heating phase are due to the phase 
change as discussed previously.  The large jump near the laser 
pulse peak of 36 ms are due to the adjacent nodes reaching and 
remaining at the melt temperature (1083°C) which in turn 
reduces the heat transfer from the node and causes a sharp 
increase in temperature.  As discussed before, increasing the 
number of nodes will significantly reduce this jump as is seen 
in the dotted and squared results but also increase the 
computational run time because the solution is 3-D.  It should 
be noted that the onset of melting and solidification are not 
affected by the variation in the number of nodes used for this 
figure.  The flat portions of the curve begin at 13 ms and 60 ms 
respectively and are not dependent on the node systems used.  
This figure further demonstrates the numerical anomalies that 
could present problems for numerical simulations codes 
incorporated in to real time control strategies for a laser 
manufacturing process. 
 
 The spatial temperature profile in the x-direction for 
different times and for the incident and rear surfaces are shown 
in Figures 4 and 5, respectively.  These figures are 
representative of the temperature profiles observed for the 
different thermal conditions investigated in this paper.  The 
results are for an incident Gaussian beam with a waist of 250 
µm and a temporal pulse of 18 ms.  The peak laser radiation 
occurs at a time of 36 ms.   Also, shown on these plots are the 
melt temperature, 1083°C, and the heat affected zone defined 
by a temperature of 600°C.  The heat affected zone is defined 
as a fraction of the boiling temperature that would cause 
material property changes such as recrystallization during an 
annealing process (INI International, 2004).  Figures such as 
Figure 4 and 5 were used to identify the melt zone and the heat 
affected zone for the different investigated conditions.   For 
example, in Figure 4 at a time of 0.035 s, the intersection of the 
temperature profile and the line corresponding to the melt 
temperature identifies the location of the melt zone at that time 
for the incident surface location.  Using the same approach one 
can identify the location of the edge of the heat affected zone 
using the line corresponding to the heat affected temperature.   
Applying this same approach to Figure 5 allows these regions 
to be identified at the insulated rear surface.  However, as seen  5
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temperature because for the investigated conditions the rear 
surface does not melt.  A plot of the temperature profile in the 
z-direction for different times allows one to identify the 
maximum penetration depth of the melt zone.  This plot as well 
as plots of the spatial temperature profile in the x-direction are 
not shown because of space limitations. 
 
The transient trends, effect of beam geometry and heat 
spreading effects are observed in Figure 4.  Sharp temperature 
peaks occur during the heating phase near the center of the 
sample region.  The temperature profile during the heating 
period mirrors the beam profile because the rate of heat 
addition from the absorbed laser radiation occurs much faster 
than the rate of heat conduction away from the irradiated area.  
For longer times and as the incident laser radiation begins to 
drop off the heat spreading effects can be observed.  For 
example the temperature profile line at 0.06 s actually crosses 
that for 0.030 s at an x value of approximately 3.2 mm and is at 
a higher temperature for the regions far from beam center as a 
result of the heat spreading affect.  This behavior is also 
observed when the heat affected zone is analyzed. 
 
Comparing Figures 4 and 5 one also observes the effects of 
heat spreading.  The width of the x-direction spatial 
temperatures is larger for the rear surface, Figure 5, than they 
are for the incident radiation surface Figure 4.  As stated earlier 
the behavior illustrated in Figures 4 and 5 are representative of 
the calculated transient and spatial thermal responses for the 
cases of laser heating done in a vacuum (no air layer) and with 
a convective loss mechanism (air layer).   Parameters which are 
varied include the incident beam geometries, incident angles 
and temporal laser pulse widths. 
 
 












Figure 4.  Temperature verses X-Direction Position for 
different times at incident surface using a Gaussian 
beam with a pulse width 18ms.  Solid lines are 
heating up to the peak of the laser pulse and dashed 
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Figure 5.  Temperature verses X-Direction Position for 
different times at the back surface using a Gaussian 
beam with a pulse width 18ms.  Solid lines are 
heating up to the peak of the laser pulse and dashed 
lines are past peak. 
 
 











Figure 6.  Temperature verses X-Direction Position at 
incident surface using a Gaussian beam with a pulse 
width 18ms and collimated wave with the same 
energy input at incident angles of 0˚, 5˚, 10˚, 25˚. 
 
Figure 6 illustrates the changes in the thermal response of 
the system to different beam shapes and incident angles.  The 
x-directed spatial temperature profile at a time of 0.035 s is 
shown for a Gaussian beam (dashed line) and for a collimated 
beam at an incident angle of 0, 5, 10 and 25 degrees.  The 
irradiated area and the total energy input to the system are the 
same for the different beam geometries in order to maintain a 
common base of comparison.  The most obvious feature of 
Figure 6 is the much higher peak temperature of the Gaussian 
beam than the collimated beam.  This difference is a direct 
result of the constant energy input restriction that results in a 
much higher laser radiation flux for the Gaussian beam case 
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Figure 7.  Comparison of the melt and heat affected 
zones for a normally incident Gaussian (row a) and 
collimated beam form (row b) at times of 35 and 60 
ms.  The peak laser intensity occurs at 36 ms.  The 
energy input and irradiated area are held constant for 
both beam shapes. 
 
collimated beam. The collimated beam uniformly spreads the 
incident flux over the irradiated area while the Gaussian beam 
has a very large peak intensity at its center that rapidly decays 
in an exponential like manner to the beam waist location.  
These beam geometry differences also lead to a more spread 
out temperature profile.  
 
There is a small, but observable peak temperature 
difference for the different incident angles investigated, but 
little difference in the spatial temperature in regions away from 
the beam center (Figure 6).  This small difference and the same 
location of the peak temperature indicate that there are no 
significant refraction effects for the investigated conditions.  
Even though the temperature gradients are large in the air layer 
above the metal, the distance over which these gradients exist is 
small.  For the calculations summarized in Figure 6 the 
maximum distance of the temperature gradients in the air layer 
is on the order of 0.4 mm.  Over this short distance the laser 
beam will undergo a negligible amount of refraction.  Another 
possible explanation for not observing any refraction affects is 
that the node size was too large to observe it.  For the cases 
summarized in Figure 6 the x-directed node dimension equals 
0.214 mm. 
 
To further illustrate the differences for the conditions used 
in Figure 6 the melt and heat affected zones are determined and 
summarized in Figure 7.    In Figure 7 the melt and heat 
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Downfunction of the x-distance from the beam center.  These zones 
are shown for the gaussian beam (upper row) and the normally 
incident collimated beam (lower row) at two different times 
0.035 and 0.06 s.  The results for the other incident angles are 
not shown because they are very similar to that for the normally 
incident case.   In Figure 7 the heat affected zone is very 
uniform through the thickness of the sample while the melt 
zone has a parabolic shape.  For the gaussian beam the melt 
zone at 0.035 seconds extends into the second metal layer, z > 
0.2 mm, indicating that a weld will occur.  As seen for the 
0.060 s case the melt zone shrinks in size as energy from it is 
transferred into the system or is conducted into the air layer.   
 
     In the case of the collimated beam the melt zone has not 
reached the metal sheet interface at the time of the peak 
intensity, but does penetrate into the second metal layer at a 
later time, around 0.045 s.  This change in the depth of the melt 
zone is directly related to the lower laser radiation fluxes in the 
collimated beam as compared to that in the gaussian beam.  The 
heat affected zone is also larger for the collimated beam than 
for the gaussian beam at all times.  For example, the distance 
between the center of the beam and the edge of the heat 
affected zone is approximately 0.64 mm for the gaussian beam 
while for the collimated beam it is on the order of 0.68 mm.  
These results summarize the general behavior of the welded 
system and indicate that, for a constant energy input, the 
collimated geometry has a larger heat affected zone and lower 
peak temperatures.  The results also suggest that melt zone, 
heat affected zone and peak temperature are strongly coupled 




The above results illustrate the usefulness of numerical 
modeling in describing the physical processes involved in laser 
welding.  Difficulties of numerical modeling and the tradeoff 
between using small nodes to reduce the sawtooth behavior in 
the phase change model and computer run times that are 
consistent with real time control are discussed.  Specifically the 
results indicate that that there are no significant refraction or 
thermal defocussing effects of the laser beam because of the 
small distances involved in these processes. The results also 
indicate the heat affected zone is approximately 6% larger for a 
collimated beam input as compared to a gaussian beam input.  
Peak temperatures are lower for the collimated beam.  The 
results provide an insight into the connection between the 
material properties that could be further extended to investigate 
strain rates and the development of thermal stresses.  The 
modeling effort only represents a first step towards further 
understanding of the laser welding processes.  Future models 
will include evaporative and plasma generation effects on the 
attenuation and refraction of the laser beam. 
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